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A custom microarray was developed to study the temporal gene expression of the two groups of phages infecting the Gram-positive lactic
acid bacterium Streptococcus thermophilus. The complete genomic sequence of the virulent cos-type phage DT1 (34,815 bp) and the pac-
type phage 2972 (34,704 bp) were used for the construction of the microarray. Gene expression was measured at nine time intervals (0, 2, 7,
12, 17, 22, 27, 32 and 37 min) during phage infection and an expression curve was determined for each gene. Each phage gene was then
classified into one of the three traditional transcription classes and these data were used to generate the complete transcriptional map of DT1
and 2972. Phage DT1 possesses 18 early genes, 12 middle genes and 12 late-expressed genes whereas 2972 has 16 early, 11 middle and 14
late genes. The trends of the phage gene expression profiles were also confirmed by slot blot hybridizations. Significant differences were
observed when comparing the transcriptional maps of DT1 and 2972 with those already available for the S. thermophilus phages Sfi19 and
Sfi21. To our knowledge, this report presents the first complete transcription analysis of bacteriophages infecting Gram-positive bacteria
using the DNA microarray technology.
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Streptococcus thermophilus is a low G+C Gram-positive
bacterium mainly known for its use in the manufacture of
yogurt and cheese. The entire genomic sequences of two S.
thermophilus strains were recently made available (Bolotin et
al., 2004) and comparative analysis supported their status as
generally recognized as safe bacteria, which is unique among
streptococci. Bacteriophages infecting this lactic acid bacte-
rium have been the subject of ongoing interest due to their
negative impact on milk fermentations (Moineau et al.,0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.05.033
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way, Evansville, IN 47721, USA.2002). Understanding the biology of these phages is
necessary to improve the current phage control measures
and to design novel antiviral strategies.
S. thermophilus phages are currently divided into two
groups based on their mode of DNA packaging (cos-type and
pac-type) and their structural proteins (Le Marrec et al.,
1997). Seven complete genomic sequences of S. thermophi-
lus phages are now publicly available and they include the
cos-type phages DT1 (Tremblay and Moineau, 1999), Sfi19
(Lucchini et al., 1999a), Sfi21 (Bruttin et al., 1997; Desiere
et al., 1999) and 7201 (Stanley et al., 2000), as well as the
pac-type phages O1205 (Stanley et al., 1997), Sfi11
(Lucchini et al., 1998, 1999b) and 2972 (Le´vesque et al.,
2005). Phages DT1 (cos), Sfi19 (cos), Sfi11 (pac) and 2972
(pac) are virulent while the others are temperate. Compara-
tive analyses have been performed with these genomes and
have already led to a better understanding of their evolution05) 192 – 208
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et al., 1999b). These analyses also showed that all S.
thermophilus phages share extensive DNA sequence sim-
ilarity in the replication and lysis modules while two clusters
of genes coding for structural proteins were noted among
those phages, which is in agreement with the current clas-
sification scheme. On a larger scale, the two S. thermophilus
phage groups may even be regarded as two lineages of the
Siphoviridae family (Proux et al., 2002). It is expected that
these complete phage genome sequences will facilitate
innovative research in developing phage-resistant strains.
Phage research is now firmly established in the post-
genomic era and one of the next trends is to study phage gene
expression using a whole genome approach. Traditional
methods for detecting gene expression (e.g., Northern
blotting, differential RNA display) can only analyze one or
a few genes at a time, offering limited insights into the
complex nature of the infection processes. In this respect, the
DNA microarray is a more powerful tool for studying
genome-wide gene expression. With the microarray technol-
ogy, it is possible to precisely follow expression levels of
hundreds or thousands of genes in a single experiment. As a
result, the analysis of mRNA expression on a global scale has
become one of the most widely used functional genomics
tools (Park et al., 2004). DNA microarrays are especially
attractive due to the combination of high throughput,
parallelism, miniaturization, speed and automation (Dhar-
madi and Gonzalez, 2004). The most common application of
this technique is to determine the patterns of differential
gene expression and to compare mRNA expression levels
between identical cells subjected to different stimuli or in a
time course experiment (Hegde et al., 2000). To date, the
use of microarrays to investigate complete phage gene
expression has been applied to coliphage T4 infection (Luke
et al., 2002) and to Salmonella enterica serovar typhimu-
rium LT2 prophages (Frye et al., 2005). Macroarray was
also used to determine the transcription profiling of the
Xanthomonas oryzae phage Xp10 (Semenova et al., 2005).
Thus far, gene expression of S. thermophilus phages has
been examined using classical Northern hybridization
experiments. The complete transcriptional analysis of the
temperate cos-type phage Sfi21 was previously determined
during the course of infection (Ventura et al., 2002b) as
well as in the lysogenic state (Ventura et al., 2002a). The
temporal gene expression patterns of the virulent cos-type
phage Sfi19 were also established in a similar manner
(Ventura and Bru¨ssow, 2004). The transcriptional profile
was also revealed for the cro-ori region of the virulent cos-
type phage DT1 (Lamothe et al., 2005). Complete tran-
scriptional analyses (by Northern assays) have also been
carried out on Gram-positive phages found in the similar
dairy environments and include the Lactococcus phages c2
(Lubbers et al., 1998), sk1 (Chandry et al., 1994), TP901-1
(Madsen and Hammer, 1998), Tuc2009 (Seegers et al.,
2004) and the Lactobacillus phage ADH (Altermann and
Henrich, 2003). The availability of such extensive tran-scriptional maps may hint toward the development of
sophisticated anti-phage mechanisms, such as antisense
RNA to silence a specific phage gene within an infected
host cell (Sturino and Klaenhammer, 2002). However, it
has also been shown that a given transcriptional map
should not be assumed for all phages of the same group
and that additional transcriptional analyses are necessary to
have a comprehensive view of phage gene expression
(Lamothe et al., 2005).
To gain further insight into the lytic cycle of virulent cos-
and pac-type S. thermophilus phages, the microarray
technology was applied to investigate their gene expression.
Using custom microarrays, it was possible to simultaneously
follow the expression of each gene of the cos-type phage
DT1 and the pac-type phage 2972 at time intervals during
infection and to classify them in each of the three temporal
classes of RNA. The complete transcriptional maps of these
two phages were determined and compared with those of S.
thermophilus phages Sfi19 and Sfi21.Results
Latent period and adsorption tests
Before setting the time course experiments, the latent
period of phages DT1 and 2972 was determined. When
propagated in LM17 broth and incubated at 42 -C, DT1 has a
latent period of 30 min compared to 34 min for 2972 on their
respective hosts (Fig. 1). DT1-infected cells started to release
progeny at 25 min while new phage 2972 were detected at 30
min. Maximum burst was at 40 min for both phages. In these
growing conditions, the adsorption rates were also similar for
both phages. For phage 2972, 95.9% T 1.7% of the phages
were adsorbed after 10 min on S. thermophilus strain RD534
and for DT1, it was 97.3% T 0.5% of the phages that were
adsorbed on S. thermophilus SMQ-301. These results
indicated that both phages are able to adsorb rapidly and
efficiently on their host strains and complete their lytic cycle
in the same time (Fig. 1).
Experimental design
The custom microarray and the experimental design were
made according to the MIAME recommendations (Brazma
et al., 2001) (http://www.mged.org/Workgroups/MIAME/
miame.html). The DNA microarrays were generated, as
precisely described in Materials and methods, by deposition
of PCR products specific to each open reading frame (orfs)
of phages DT1 and 2972. The microarray also included
several controls that represented other phage and bacterial
genes (Table 1). Eight commercial Escherichia coli genes
PCR products (ArrayControls, Ambion) were also added as
normalization controls. S. thermophilus cells were then
infected with phages DT1 or 2972 and samples were taken at
0, 2, 7, 12, 17, 22, 27, 32 and 37 min after infection. These
Fig. 1. One-step growth curves of phage DT1 and phage 2972 on their respective host strain SMQ-301 and RD534. Average curve of three independent
experiments.
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of DT1 and 2972, and on previous transcriptional analyses of
S. thermophilus phages (Ventura et al., 2002b). Following
the RNA isolation, samples from infected and non-infected
cells were reverse transcribed in cDNA and labeled with Cy5
and Cy3 fluorescent dyes, respectively. All microarray steps
from cDNA preparation to the hybridization protocols were
performed according to the TIGR standard operating
procedures that are specified in Materials and methods.
One experiment was composed of nine slides corresponding
to each time point during the phage infection. Three
complete independent time course experiments and micro-
arrays with DT1 and two with 2972 were used for data
analysis. Following data normalization, final log2-trans-
formed ratios were converted into percentage, based on the
maximum expression reached during the time course of
infection. These percentages were used to make an expres-
sion curve for each phage gene. Each time course experiment
was analyzed independently from other(s) and the final gene
classification, shown in Table 2, represents the combined
results of all experiments. Part of the quantitative informa-
tion extracted from the arrays is also presented in Table 2.
The complete microarray data were deposited in the NCBI
Gene Expression Omnibus (GEO) under the accession
number GSE2476.
Global temporal gene expression profiles of phages DT1
and 2972
Using the global expression profiles (Figs. 2 and 3),
phage genes were classified within one of three groups;
early, middle or late depending on the moment when rapidexpression occurred during infection. In Figs. 2 and 3, the
expression curves are color-coded based on the gene
classification obtained from all independent experiments.
Expression curves appearing first during infection were
designated as early genes (green), the second as middle
(blue) and the third as late genes (red). A fourth group of
curves (yellow) was observed in both phages, representing
genes for which expression was slowly but steadily
progressing during infection (Figs. 2 and 3). They were
still considered as late genes since their highest expression
was at the end of the lytic cycle.
For the early genes of phage DT1, the fastest increase in
gene expression occurred between 0 and 2 min post-
infection, for middle genes between 2 and 7 min and for
late genes between 7 and 22 min. For phage 2972, the
expression of early genes rapidly increased between 0 and
7 min, middle genes between 7 and 22 min and between 12
and 27 min for late genes. Comparative expression analysis
indicated that global gene expression of phage DT1 is
slightly faster than 2972. Phage DT1 has 18 early-, 12
middle- and 12 late-expressed genes while 2972 possessed
16 early-, 11 middle- and 14 late-expressed genes (Table 2
and Fig. 4).
Early genes
DT1 possesses 18 orfs classified as early genes while
phage 2972 has 16 orfs. The difference in the number of
early genes between the two phages is essentially explained
by the variation in the number of open reading frames
present in these modules (Fig. 4). All the early genes of
phages DT1 and 2972 were adjacent to each other and
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lysogeny replacement module, the putative replication and
transcription regulation modules (DT1: orf28 to orf45;
2972: orf30 to orf44 as well as orf1) (Fig. 4). Expression
increases promptly and generally stays high for the
remainder of the infection process. Despite having a rapid
increase at the beginning of infection, the expression of
many early genes peaked (100%) at 27 min (Table 2).
Middle genes
For DT1, 12 orfs were classified as middle-expressed
genes as compared to 11 genes for 2972 (Table 2, Fig. 4).
These genes (orf46 to orf11 for DT1 and orf2 to orf12 for
2972) were also clustered and they code for proteins
involved in packaging and capsid morphogenesis (Fig. 3).
DT1 orf46 (encoding a protein of unknown function), which
is in the vicinity of the cos site, has a different expression
profile as compared to the upstream early genes. A
corresponding gene is not present on phage 2972.
Late genes
Twelve DT1 genes (orf12 to orf25) and 14 genes of
2972 (orf13 to orf26) were classified in this group (Table
2, Fig. 4). These late-expressed gene clusters code for
proteins involved in tail morphogenesis and in host lysis.
In both phages, three genes (orf12, orf24, orf25 in DT1
and orf24, orf25, orf26 in 2972) were also considered late-
expressed genes despite having distinct expression curves
(Figs. 2 and 3). In DT1, no function was attributed to
ORF12 but ORF24 and ORF25 are for the putative holin
and the N-terminal part of the endolysin protein, respec-
tively. In 2972, no function was attributed to ORF24 but
ORF25 and ORF26 were designated as the putative holin
and the N-terminal part of the endolysin protein, respec-
tively. The endolysin of DT1 is encoded by two orfs (orf25
and orf27) while the same enzyme is encoded by orf26 and
orf29 in phage 2972. It was demonstrated by RT-PCR that
these two orfs are separated by an intron in 2972
(Le´vesque et al., 2005) and in DT1 (data not shown).
The position of this intron in the genome of DT1
(coordinates 22064–22506) is identical to the one pre-
viously found in phage 2972 (Le´vesque et al., 2005) and in
S. thermophilus phage S3b (Foley et al., 2000). Since the
orf26 of DT1 is located within the intron sequence, as well
as the orf27 and orf28 of 2972 (Le´vesque et al., 2005), no
microarray probe was designed for these orfs. To study the
expression of the conserved endolysin gene, a unique probe
(corresponding to conserved orf25 of DT1) was chosen for
both phages.
Slot blot hybridizations
To confirm the trend of the expression curves obtained
with the microarray results, several phage genes were usedas probes in slot blot hybridizations (Fig. 5). The same
PCR-amplified fragments used to construct the arrays were
labeled using a PCR-Dig-labeling kit and hybridized to
blots made from the same RNA used in the cDNA
synthesis step for the microarrays. With this type of assay,
the genes were classified based only on the first time point
when transcripts were detected. For phage DT1 and 2972,
early hybridization signals were detected at 2 min post-
infection, followed by middle genes at 7 min and late-
expressed genes at 12 min or more. In all cases, the slot
blot hybridizations show the same expression profiles as
compared with microarray results. Taken together, these
data support the applicability and the utility of the array
approach to determine the temporal and the transcriptional
maps of phages.
Comparative analysis of the transcriptional maps of phages
DT1, 2972, Sfi19 and Sfi21
The transcriptional maps of virulent cos-type phage
Sfi19 and temperate cos-type phage Sfi21 were previously
characterized using Northern blots (Ventura and Bru¨ssow,
2004; Ventura et al., 2002b). The overall comparisons are
shown in Fig. 4. First, it should be pointed out that in the
gene expression studies of phages Sfi19 and Sfi21, the
criteria used to classify the genes within the same three
temporal groups were based on the first time the transcripts
were detected (Ventura and Bru¨ssow, 2004; Ventura et al.,
2002b). For phage Sfi19, it seems that the early genes
started to be expressed 2 min after the infection. For the
middle-expressed genes, the expression began at 7 min
while the late genes were detected at 12 min. For phage
Sfi21, gene expression detected at 2 and 7 min were
considered early, while those expressed at 12 and 17 min
were considered middle- and late-expressed genes, respec-
tively. Only the significant differences between the four
phages will be highlighted in the next sections.
The lysogeny replacement modules
The temperate phage Sfi21 is the only one to possess a
complete and functional lysogeny module which contains 13
orfs (Fig. 4). In the same genomic region, phages Sfi19, DT1
and 2972 possess a so-called replacement module that
consists of only few orfs (Sfi19: orf111 to orf229; DT1:
orf28 to orf31; 2972: orf30 to orf32). The microarray results
showed that DT1 and 2972 genes present in this region were
expressed early during infection. These microarray data are in
agreement with a recent report (Lamothe et al., 2005) that also
demonstrated early expression of these DT1 genes by
Northern blot analyses. The orf111 to orf54 of Sfi19 were
also expressed early while orf69 (coding for a putative cro-
like repressor) and orf229 were middle expressed. Moreover,
transcripts containing orf229 were first detected after 12 min
post-infection (Ventura and Bru¨ssow, 2004) and perhaps
should even be considered as a late gene rather than middle
Table 1
List of the orfs of S. thermophilus phages DT1 and 2972 and the microarray probe information
orfs Probes information Primer sequences
Probe name Positionsa Length (bp) Forward Reverse
Phage DT1 (AF085222)
1 DT1-1 260 502 242 AAA CGA CAT ACG ACG CTA TT AAA TCG ACC CCT TAG AAA CG
2 DT1-2 610 1042 432 AAT CCG TAT TAT CAG CAG AAC TCA ACA TTT CTG CTG TTG AAG
3 DT1-3 1444 1769 325 TGC AAA CGG TGG TAA ACG T ATT GCC CAC TCT CAG CAG ATA
4 DT1-4 2431 2970 539 AAG ACG GTG TTA ATT ACC GTG ATA GCC CAC TTT CTG GGT TT
5 DT1-5 2951 3167 216 AAA CCC AGA AAG TGG GCT AT CTA GCC TTT TTT GGC GGC TA
6 DT1-6 3503 4045 542 CGA TGG CGA AAT GAA AAT G TGA TTG TTG GTC TCC TTG ACC
7 DT1-7 4420 4832 412 AGA TGG TAC AAG ATG CCA TC AAA GCC TTT ATC AAC AGC CAG
8 DT1-8 5591 6087 496 CGC TAT GCT GGT ATC TCA A GTG TCA GTT TCA AAC GCA C
9 DT1-9 6240 6537 297 AAC TAT CAT GCA GAC TCT GAA TTA GTC ACC TCT TTC CTC G
10 DT1-10 6538 6887 349 TGG CTA GAG TTG GAT ATT TAC TCA CCC AAC TTT CTT GTG CT
11 DT1-11 6894 7305 411 ATG ACA GGT CTT GAC GAA G CCT TCT TGC GGA TAA GTT TC
12 DT1-12 7345 7674 329 GAG TTA ATT GAG GGT AAA GG AGC AAC AAA AAA GAC CGC TG
13 DT1-13 7909 8263 354 GGA TGT TAT GAT TGG ACC C ATC GAA AGT TGA TGA ACC C
14 DT1-14 8397 8754 357 CCA CAA TGG AAA TCA GAA CT TAT TCT TTT GGG TCA ACT TCA
15 DT1-15B 10228 10797 569 GAA CAG CTT GGT ATT GCG AAC AGC TCC AGC GAT ACC TTC AA
DT1-15E 13153 13636 483 TAT GTT CGA TTG GAT TAA GAA A GAA TAA CAT ACT CTG GCA TAT
17 DT1-17 13941 14449 508 TTG ATA GGA ATG TCA GTA ACT AAA GTT GCC TTG TAA TGC CC
18 DT1-18B 15618 16274 656 CGC TTG ACT TCA CAA TTC CT AGT AGA ACT CTA CTT GTC CTA
DT1-18E 17370 17890 520 TGC AGC ATC AAG ACG TTT TC TGC GCT GTT TGC ATT AAC A
19 DT1-19 18811 19261 450 TCA ACT AGT GGT TGG GGT AC TCA CTT CAA AGC TTA GAA TTG
21 DT1-21–22 20555 20875 320 AAA ATC AAA GAG TAC GAA GCA CTA TTC TTG TGT AAG TTT TGC
22
23 DT1-23 20899 21212 313 CAC AAA ACG AGC CAG ATT TG CCT CTC AAG TTT TGA TCT AC
24 DT1-24 21224 21460 236 ATG ATT AAT TTT AAA TTA CGT TTG C CTC CTT TTT ATC GTT TAG TGG
25 DT1-25 21663 22070 407 AAT GGA TTT TAT CGT GTA AGT A TTA GTT AAC CCA GTC GAA C
26
27
28 DT1-28 23327 23825 498 TTT TGG AAT ATG TAA GTC GCT A TTT TCA ATC CAC TCA AGT CG
29 DT1-29 24010 24236 226 GTT AGT TAG GAA GGA GGA AC TCA AAA GCC ATA CAA ATC AGA C
30 DT1-30 24461 24683 222 ACT AGT CAC TTA GTG CGG T GTT GGC TAC GGA TTG AAA CA
31 DT1-31 24964 25223 259 TTT TAG CAC CAG AAG TTT TTG TCA CTC ATC GCT GCT AAA C
32 DT1-32 25394 25924 530 CGC TTG ATA ATA GCT ATC GCG GGT CTT CAA TCT TGC AAG CTG
33 DT1-33 26661 27235 574 CTT CTA TCG CAA TCA GTG GT ACC GGG TTT ATA TCC GTG TT
34 DT1-34 27305 27739 434 AAA GCA AAA GAA TTC GGA TCT TTA GAA CGG AAG GTC AAT TTC
35 DT1-35 27821 28300 479 CTC TTA TCT CTT TCG CTG ACA TGT CAC TAG CAA ACG ATG AG
36 DT1-36 29336 29850 514 CGT TTC GGT CTT GCC ATT AT TGA CAC CAT GAG CGG TAT ACA
37 DT1-37 30386 30680 294 TTC TGA AGC AGC AAC AGT TA TGC TTG TTG GAA TAA GCA G
38 DT1-38 30737 31028 291 TCA CTA ATT CAA AAT CAA ATT CG CAA CTA TCC TCA TAG CAT CT
39 DT1-39 31009 31170 161 AGA TGC TAT GAG GAT AGT TG TGC CAC CGC ACC TTT CTT T
40 DT1-40 31254 31510 256 GTA GAA CTA TGC AAT ATA AAG T TCG TTA TAG TAA GTC CCA CT
41 DT1-41 31546 31758 212 ATG GCT AAA TTT ATC AGA GTC A TCA TCT TTT GTC ATT TAC TTC TC
42 DT1-42–43 32148 32549 401 ATT AAC GAG TGG GCT ATC AG TTG TCA GCC TTA TGC ACC AC
43
44 DT1-44 32979 33179 200 CAC TGT TTT AGT AGC TCC GT TTG TAT TTA TCG CTG TCC GTA
45 DT1-45 33693 34089 396 ATG AGA ACA GTT GAG CGG TT AAT CTA GAT ATT TCT CAG CTT G
46 DT1-46 34236 34692 456 TGC CGT TCC TTA ACA GAG AGA TAC GGG CTA TTA AAC CCG C
Phage 2972 (AY699705)
1 2972-1 409 758 349 GTA CAA TGC TAT TGC CGG AAA CTC TTG GAA TGC AGT GCG T
2 2972-2 1009 1447 438 TTG ATT TCT GGC ATA GCT TAC TCG CTT ACA GCT CCT TTG AT
3 2972-3 1671 2065 394 TAC AGA ACA ACG TGC TGC AAG GGG CGT AGC TGC TTT GAT AG
4 2972-4 2532 2954 422 TAT CGT GGT AGT CGG TGA AGG TGC TCT GTG CTA CCG ATG AC
5 2972-5 3168 3718 550 CCA CGC ATT CAA GAG CTG T TCC GTA ATC GGT ACT GTA CCG
6 2972-6 4653 5241 588 ACA AAA ACG GAT TAA GCG T AAA TGC TCA AAG CCA TTC T
7 2972-7 5596 6160 564 ACA CAA CAG TCG AAA CGG TC ATA AAA CGA GCA GTC GTT ACG
8 2972-8 6184 6533 349 GCC AAC ACA AAC AAT TTT CGA GAG ATA AAT TTA ACG AGT GGC
9 2972-9 6982 7443 461 ACT GGT AAA ATT GCA TTT ACG ATC AGC GAA CAA GTC AGA CT
10 2972-10 7620 7820 200 ATG AAT GTC GTA CTA AAA GCG TAA CTT TGT CTT TAT CTA ACG C
11 2972-11 7798 8100 302 GGC GTT AGA TAA AGA CAA AGT CCA GAA GTT CCA TAT AAA CG
12 2972-12 8135 8439 304 GAT ACG CTG ATA CCG TAG T CAC CAC CTT GTT AGC ATA G
13 2972-13 8447 8785 338 ATG GCT ACA ATC GAA TTT GAA TTA TTC CCA CTT AGC CAT TTC
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orfs Probes information Primer sequences
Probe name Positionsa Length (bp) Forward Reverse
Phage 2972 (AY699705)
14 2972-14 8787 9110 323 ATG AAA CAA CCT GAT CAA CTA T TCG ATT GCT ATC AAT TGA CG
15 2972-15 9254 9540 286 ACA AAA AAG CGG CAG CTA AA TTT CCA GTT TGA CAA ACG TCC
16 2972-16 9795 10111 316 GAA AGA CTA CAC TTT GAC TTT CTT CCA CTC GTT TCG TTG TT
17 2972-17 10195 10477 282 CAT TGC TTG AAG CAC GAA GA AAG CCC CTC TCT AGT TTG TA
18 2972-18B 11115 11659 544 TAA GAC AGA GGA CTT TGC GGA AGA CAT TAC CCA ATG CTG ACG
2972-18E 14152 14756 604 GCG AGC ATT ATG CAG TTG AC GCA GTG TCA ACC ATG TTT TC
19 2972-19 15036 15540 504 ATG GCC GTG TTT CAA TTT AAT ATC CAT CGT TAA CAA GGT CA
20 2972-20B 17136 17650 514 TGA ACG TTT ACC ATA AAG CGG TCT TAT GTC AAG CGC TGG TG
2972-20E 20290 20770 480 TAC CAA CTT CTT CAA GGA AG TGC TAA GTA TAC AAC TTG CC
21 2972-21 21689 22397 708 TTT AAT GGT TCT GGT GGC TG CGA CAC TAA AAC TAA GCG AT
22 2972-22–23 23656 23982 326 AAA TCG CAA AAT ATG ATG AAA TGA TTA TTC AGC GGG TTC TTT ATC
23
24 2972-24 24009 24323 314 ATG GTG GGA CAA GAT GTT AT TCT GAC CAC ATC TTC TAA GC
25 2972-25 24371 24681 310 TGA TGT GAT TAT ACA AGC AGC CTC CTT TCC AGT TAT CAT TCA
26 DT1-25 21663 22070 407 see DT1 orf25 see DT1 orf25
27
28
29
30 2972-30 26140 26242 102 CAA TGG ATA CAT ATA AAG AAC AA AGC GAT TGC CCT CTT TTT CC
31 2972-31 26374 26583 209 ATG AAT TAT AAC TAT TCT AAA TTG TTA ATA GTT AAA GAA GTA TTC TAC
32 2972-32 26600 26750 150 ATG AAA AAC TTA TTT AAA TGG ATT CTA CGG ATT GAA GAA CGG TT
33 2972-33 27133 27402 269 AGC TCG AAA AAA CGA AAA G GCT CCC TCA ATA TGC TTT C
34 2972-34 27750 28079 329 AGA AGG GAA CAA CAA CCG TG TTT CGC TCA TCT AAG CGG TT
35 DT1-33 26661 27235 574 see DT1 orf33 see DT1 orf33
36 DT1-34 27305 27739 434 see DT1 orf34 see DT1 orf34
37 DT1-35 27821 28300 479 see DT1 orf35 see DT1 orf35
38 DT1-36 29336 29850 514 see DT1 orf36 see DT1 orf36
39 DT1-38 30737 31028 291 see DT1 orf38 see DT1 orf38
40 2972-40 32760 32905 145 GAT ATA GTA AAT GAA AAG CAA ATA CAC TGA CCA AAT CCA TAT C
41 DT1-40 31254 31510 256 see DT1 orf40 see DT1 orf40
42 2972-42–43 33373 33834 461 CGA TAA CAC ATT CTC AGA TTT CGC TAT CTA CAC GAT GGA TA
43
44 2972-44 34266 34467 201 AAC TAT TCA GTA AGA CGT GG CTG TGT TAA TTG CTG TGT TAA
Positive and negative controlsb
1000 (AF158600) Sfi11-1000 17501 18044 543 ATT ATG CCG CTG CTG GAT AC TGA CGA CCA GCG TAG TTT TG
373 (AF158600) Sfi11-373 19531 19965 434 GAC GGA ACG TCA ACA AAT AC AGA TGA AGT ACA CAA GTG CC
57 (AF158600) Sfi11-57 20392 20610 218 AAT ACA CTT GCG AGG TGA AT AAC GTT GGT TAG GGT TAT ATC
695 (AF158600) Sfi11-695 22291 22620 329 GAA GTA AGT GAA AGA GAA CGT G CTG GGT CAA TGT GAT ATG GTT G
LacS (AF389475) LacS 6800 7321 521 ATT CCT GCC TTG TCT CTT GA ACA TCC GTA GAA CAA ACG TTT
B-gal (AF389475) Bgal 8710 9231 521 TAC TTC CAT CTT TGT ATG GGT AAT CCA ACT TTA ACT GGA ACG
PepN (AJ007700) PepN 1380 1879 499 GCG ATG AAG CCT TTG CCA AA ACG TCC ACT TTC CGC TAG AA
Pyk (AF172173) Pyk 2612 3056 444 ACT TGG TCC TGC GGT TGA AA GCA TCC TTG TCT ACA ACA CG
a Probe positions are relative to the corresponding GenBank accession number.
b The positive and negative control list do not include the eight commercial genes used for the normalization (ArrayControls, Ambion).
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hypothesized that virulent S. thermophilus phages were
derived from temperate phages by deletion events within
the lysogeny module (Bruttin and Bru¨ssow, 1996). If these
genetic rearrangements occurred in DT1, Sfi19 and 2972,
they also had an impact on gene expression.
DNA replication modules
One of the major differences in the gene expression of
DT1 and 2972 compared to Sfi19 and Sfi21 pertains to thegenes coding for the DNA replication (Fig. 4). The
microarray results clearly show that the corresponding
genes in DT1 (orf32 to orf36) and 2972 (orf33 to orf38)
are expressed early in the infection process beginning at 2
min until the end of the lytic cycle. Lamothe et al. (2005)
also observed this early expression in DT1 by Northern blot
analyses. Genes located in the replication module of Sfi19
and Sfi21 (orf157 to orf504) were classified as middle-
expressed genes because mRNAs were detected 7 or 12 min
post-infection (Ventura and Bru¨ssow, 2004; Ventura et al.,
2002b).
Table 2
List of the orfs of S. thermophilus phages DT1 and 2972 and the putative function of their products as well as their temporal expression during infection
orfs Putative functions TE Normalized log2 ratios Percentages
and motifs
Time post-infection (minutes) Time post-infection (minutes) Gene
0 2 7 12 17 22 27 32 37 0 2 7 12 17 22 27 32 37
expression
Classification
Phage DT1 (AF085222)
1 – 7 0.4 0.6 3.5 5.5 4.4 6.2 5.6 5.9 3.7 7 10 57 88 71 100 90 95 59 Middle
2 Terminase small
subunit
7 0.2 0.3 3.7 5.4 5.2 6.1 6.8 6.1 4.7 3 5 55 79 77 90 100 89 69 Middle
3 Terminase large
subunit
7 0.6 0.4 4.4 6.0 5.6 6.9 7.2 6.6 5.2 8 5 61 83 78 96 100 92 73 Middle
4 Terminase large
subunit
7 0.0 0.2 4.7 5.8 5.7 6.8 6.3 6.5 6.0 1 3 70 86 84 100 93 96 88 Middle
5 – 7 0.2 0.4 3.7 5.6 5.2 6.5 6.8 6.5 4.8 3 6 55 83 76 96 100 95 70 Middle
6 Portal protein 7 0.5 0.1 3.6 4.3 5.3 5.1 5.5 5.0 4.5 10 2 65 78 97 93 100 91 83 Middle
7 Scaffold protein 7 0.4 0.5 3.0 4.8 5.6 6.4 6.9 6.0 5.2 6 8 43 70 81 94 100 88 75 Middle
8 Major capsid
protein
7 0.7 0.4 1.2 2.2 2.8 3.2 3.7 3.7 3.5 19 12 32 59 75 84 100 98 92 Middle
9 Packaging 7 0.1 0.2 4.4 5.7 6.1 6.8 7.6 6.7 5.8 1 2 57 75 80 89 100 88 77 Middle
10 – 7 0.3 0.1 1.7 4.5 4.1 4.9 5.5 4.3 4.2 6 2 31 81 75 89 100 79 77 Middle
11 – 7 0.5 0.7 3.1 6.0 4.5 6.6 5.7 6.6 4.3 7 10 47 90 68 100 87 99 65 Middle
12 – 2 0.0 1.9 1.5 2.4 2.6 2.9 3.7 3.5 1.0 1 52 41 66 70 79 100 93 27 Late #2
13 Major tail protein 7 0.5 0.3 1.5 3.5 4.8 5.6 5.2 5.9 5.1 8 5 25 60 81 96 89 100 87 Late
14 Tail protein 7 0.6 0.0 1.0 2.8 2.9 3.3 4.4 3.9 1.6 14 0 24 64 66 76 100 89 37 Late
15 Tail protein, TMP 12 0.2 0.4 0.8 5.5 5.1 7.3 5.5 7.0 6.7 2 6 11 75 69 100 75 96 92 Late
7 0.8 0.6 1.0 4.2 2.9 4.9 4.8 5.2 1.9 15 12 20 80 55 94 91 100 36
17 Tail protein 12 0.7 0.1 0.3 3.4 4.1 5.6 5.8 6.7 6.1 11 1 5 51 61 83 88 100 91 Late
18 Receptor
binding protein
7 0.5 0.4 2.0 5.1 5.6 6.6 5.2 7.1 3.4 7 6 28 72 79 93 73 100 47 Late
7 0.1 0.1 1.4 2.9 4.6 5.6 5.2 5.9 5.5 1 1 23 49 79 94 89 100 94
19 Tail protein 12 0.9 0.7 0.6 2.8 2.7 5.6 4.3 5.9 2.8 17 12 11 47 45 96 74 100 48 Late
21 – 2 0.6 1.0 1.4 1.5 4.6 5.8 4.8 5.7 4.9 10 18 24 26 78 100 83 97 84 Late
22 – Late
23 – 7 0.8 0.9 1.5 2.3 3.7 6.0 4.9 5.7 2.6 13 15 25 38 61 100 81 95 43 Late
24 Holin 2 0.2 1.7 3.3 3.2 5.4 6.2 6.9 6.2 5.1 3 25 47 46 78 91 100 90 74 Late #2
25 Endolysin 2 0.6 1.3 1.7 1.3 2.6 2.9 4.2 3.0 3.1 14 31 39 31 60 68 100 72 74 Late #2
26 Endonuclease
(intron)
27 Endolysin
28 – 2 0.8 3.3 2.9 2.5 2.9 3.0 4.0 2.9 2.8 20 83 71 61 72 76 100 71 68 Early
29 Cro-like repressor 2 0.4 2.8 2.6 2.7 2.3 3.3 3.7 3.2 2.7 11 75 69 73 62 88 100 87 73 Early
30 – 2 0.5 2.9 2.5 2.8 3.0 3.4 3.5 3.2 2.5 15 83 71 80 87 97 100 91 73 Early
31 – 2 0.1 4.4 3.0 3.2 4.5 4.7 5.5 4.3 3.8 2 80 55 58 82 85 100 77 69 Early
32 NTP binding
protein, SSAP
2 0.5 2.5 2.5 1.8 2.3 2.1 3.7 2.2 2.8 14 67 68 49 64 58 100 61 77 Early
33 Helicase 2 0.4 3.6 4.1 3.8 4.4 4.5 5.8 4.2 4.1 6 62 72 66 77 77 100 73 71 Early
34 – 2 0.4 5.9 4.9 5.1 5.0 6.0 6.2 5.7 5.1 7 95 80 82 80 97 100 92 83 Early
35 Replication protein 2 0.5 4.7 4.9 4.8 4.7 5.3 5.9 5.3 4.4 9 80 84 81 79 91 100 90 75 Early
36 Primase 2 0.7 4.7 3.8 5.3 5.2 5.2 4.7 4.3 2.4 13 88 72 100 98 98 89 81 45 Early
37 – 2 0.5 4.9 4.9 4.4 4.7 6.3 5.2 5.3 4.5 8 78 77 70 75 100 83 84 71 Early
38 – 2 0.9 5.1 4.4 5.1 5.3 5.5 4.3 4.5 3.1 16 93 80 93 95 100 77 82 56 Early
39 – 2 0.0 2.5 2.8 3.0 2.5 3.9 3.0 3.7 3.5 1 65 71 77 63 100 78 94 90 Early
40 – 2 0.8 2.8 3.5 3.2 3.3 3.6 3.3 3.0 0.4 22 79 97 89 90 100 93 84 11 Early
41 – 2 0.1 5.1 4.1 4.9 3.4 6.5 5.0 5.9 4.5 2 79 64 76 53 100 76 91 69 Early
42 DNA binding
protein
2 0.5 2.7 2.9 4.2 4.1 4.1 3.5 2.9 1.2 12 63 69 100 98 98 82 69 28 Early
43 – Early
44 – 2 0.1 3.1 4.8 4.2 4.8 5.5 5.0 4.8 4.5 2 56 87 76 87 100 90 86 81 Early
45 – 2 1.0 3.1 4.0 5.6 5.8 6.0 4.1 4.3 2.7 16 51 67 94 97 100 69 72 46 Early
46 – 7 0.0 0.2 3.1 5.3 5.6 6.4 4.6 6.4 5.5 1 3 48 84 87 100 73 100 86 Middle
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orfs Putative functions TE Normalized log2 ratios Percentages
and motifs
Time post-infection (minutes) Time post-infection (minutes) Gene
0 2 7 12 17 22 27 32 37 0 2 7 12 17 22 27 32 37
expression
Classification
Phage 2972 (AY699705)
1 – 7 0.5 0.6 2.4 4.2 2.6 5.3 4.1 4.8 3.4 9 11 45 80 50 100 77 90 64 Early
2 Terminase
small subunit
12 0.2 0.4 0.8 2.6 4.9 5.4 7.3 6.3 6.5 3 5 12 36 68 75 100 86 89 Middle
3 Terminase
large subunit
12 0.4 0.2 0.7 2.3 3.6 5.6 6.0 5.7 5.6 7 3 12 38 61 94 100 95 95 Middle
4 Terminase
large subunit
12 0.1 0.0 0.0 1.4 3.0 4.1 5.8 5.1 4.7 2 0 0 24 51 71 100 88 81 Middle
5 Portal protein 12 0.5 0.5 0.4 1.5 3.7 4.9 5.8 4.4 5.5 9 9 7 26 64 85 100 76 95 Middle
6 Capsid protein 17 0.3 0.2 0.2 0.6 3.4 4.7 5.2 4.6 4.2 6 4 3 12 65 90 100 89 82 Middle
7 Scaffold protein 12 0.3 0.1 0.0 1.2 3.3 5.2 5.9 5.5 5.8 5 2 1 20 56 88 100 93 97 Middle
8 Head protein 12 0.1 0.2 0.5 1.2 5.4 5.7 7.4 7.0 6.8 2 2 7 17 73 77 100 94 92 Middle
9 Major head
protein
12 0.2 0.1 0.5 1.7 2.2 3.3 4.2 3.5 3.8 4 2 11 41 52 79 100 84 91 Middle
10 – 17 0.2 0.1 0.6 0.7 3.1 5.0 6.3 5.7 5.9 6 2 9 12 49 80 100 90 94 Middle
11 – 12 0.1 0.1 0.6 1.8 4.6 7.3 8.1 7.1 7.5 1 1 8 22 57 91 100 88 92 Middle
12 – 12 0.2 0.2 0.8 1.6 4.6 6.3 7.6 6.9 7.1 3 2 10 21 60 82 100 90 93 Middle
13 – 12 0.9 0.1 0.3 1.0 4.2 6.5 7.1 8.0 7.4 12 2 4 13 53 81 88 100 92 Late
14 – 12 0.7 0.2 0.0 1.2 1.8 4.6 6.3 5.1 4.8 11 2 0 19 28 74 100 82 77 Late
15 Major tail protein 12 0.8 0.3 0.9 1.0 1.2 3.3 3.8 5.1 3.5 16 6 17 20 23 65 75 100 68 Late
16 – 12 0.1 0.1 0.3 1.5 1.4 3.3 4.3 3.5 3.9 2 3 7 35 33 76 100 81 90 Late
17 – 22 0.1 0.3 0.7 0.1 0.8 2.6 2.9 4.1 4.1 2 8 16 2 19 64 70 100 100 Late
18 Tail protein, TMP 12 0.0 0.3 0.2 1.5 2.0 5.2 5.6 5.8 5.9 0 5 3 25 34 88 95 98 100 Late
12 0.7 0.1 0.6 1.2 3.6 5.7 6.5 7.9 6.9 9 2 7 16 46 73 82 100 88
19 Tail protein 7 0.5 0.5 1.1 1.7 2.7 6.7 7.5 6.8 7.0 6 7 15 23 36 90 100 91 94 Late
20 Receptor
binding protein
22 0.7 0.4 0.8 0.5 0.5 3.9 5.0 6.5 5.1 10 6 13 8 8 60 77 100 79 Late
17 0.4 0.0 0.6 0.6 1.2 2.8 4.3 4.0 4.7 8 1 12 13 25 61 93 86 100
21 Tail protein 22 0.9 0.4 0.8 0.7 1.1 2.0 2.5 4.2 5.3 18 8 14 13 20 37 46 79 100 Late
22 – 22 0.4 0.2 0.2 0.3 0.3 2.1 4.4 3.9 4.1 8 5 4 7 6 48 100 89 93 Late
23 – Late
24 – 2 0.0 3.1 3.2 3.4 5.0 6.4 6.4 5.4 4.6 1 49 49 52 77 100 99 84 71 Late #2
25 Holin 2 0.2 2.1 3.1 3.0 6.1 6.8 6.4 6.5 3.9 3 31 47 44 90 100 95 95 57 Late #2
26 Endolysin 2 0.2 1.2 1.8 0.9 1.4 1.8 2.6 1.4 1.3 7 47 67 34 55 70 100 51 50 Late #2
27 –
28 Endonuclease
(intron)
29 Endolysin
30 – 2 0.0 1.0 2.4 2.5 2.3 3.0 3.0 2.4 2.7 2 34 78 82 77 99 100 79 90 Early
31 Cro-like repressor 2 0.4 3.4 4.3 4.1 3.8 4.5 4.9 4.1 4.2 8 69 88 84 76 92 100 83 85 Early
32 – 2 0.1 2.1 3.2 3.2 3.1 3.6 3.9 3.0 2.7 2 53 83 83 81 92 100 76 71 Early
33 – 2 0.5 2.1 2.9 3.4 3.2 2.8 3.8 2.9 3.5 14 56 77 90 84 75 100 78 93 Early
34 NTP binding
protein, SSAP
2 0.1 4.4 6.4 7.0 6.6 7.1 7.4 7.0 7.0 1 60 86 95 90 97 100 95 95 Early
35 Helicase 2 0.6 1.4 2.2 3.2 3.6 3.2 4.6 3.4 2.8 13 31 48 70 79 71 100 73 61 Early
36 – 2 0.2 2.1 4.5 5.1 5.9 5.9 6.6 5.7 5.3 3 33 68 77 89 89 100 87 80 Early
37 Replication
protein
2 0.3 2.3 3.7 4.8 5.3 5.4 5.8 5.2 5.1 5 40 65 83 92 94 100 91 88 Early
38 Primase 7 0.6 0.7 3.7 4.1 4.9 4.8 5.6 5.1 4.5 10 12 66 73 86 85 100 90 81 Early
39 – 7 0.9 0.6 3.1 3.9 4.2 5.4 5.2 5.3 4.4 17 11 57 73 78 100 97 99 82 Early
40 – 7 0.9 0.9 2.0 2.4 2.9 3.4 3.5 3.0 2.9 25 27 56 68 83 96 100 84 83 Early
41 – 12 0.0 0.0 0.3 1.1 2.6 3.0 2.2 2.7 2.1 0 2 9 37 88 100 73 91 71 Early
42 DNA binding
protein
7 0.1 0.6 1.0 2.7 2.4 2.0 2.7 2.4 1.8 5 22 38 97 89 72 100 86 67 Early
43 – Early
44 – 22 0.2 2.1 5.2 5.4 6.7 6.8 6.2 5.3 3.7 4 31 77 80 98 100 91 78 54 Early
TE represents the time (in minutes) of expression where each gene is considered as expressed (log2 ratio > 1).
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Fig. 2. (A) Expression curves obtained during phage DT1 infection of S. thermophilus strain SMQ-301. Each expression curve represents one probe used on
the microarray. The expression curves are colored depending on the final gene classification based on the three independent experiments for DT1. Curves are
divided in three groups named as early (in green)-, middle (in blue)- or late-expressed genes (in red or yellow). The yellow curves represent genes that are also
late expressed but have a unique expression profile. (B) List of phage DT1 genes within each of the temporal groups. The small graph represents an expression
curve for a representative gene within the temporal group which is colored in the list of genes.
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The expression in this region is similar for phages DT1
(orf37 to orf45), 2972 (orf39 to orf43) and Sfi21 (orf143
to orf132) where all these genes are early expressed upon
infection (Fig. 4). The last gene preceding the cos-site
was classified as a middle-expressed gene for DT1 (orf46)
and late-expressed gene for Sfi21 (orf175). Even if they
are not classified in the same class, it shows that these
ORFs are expressed differently than the preceding genes.
For Sfi19, this region is divided in two groups of genes
with a different expression profile. The orf143 to orf51
region is expressed early during infection while the orf67
to orf235 were expressed later. It is plausible that the
unique second origin of replication, located between orf67and orf192 on Sfi19, is partly responsible for such expres-
sion profiles.
Packaging and morphogenesis genes clusters
The DNA packaging and capsid morphogenesis genes of
DT1 and 2972were classified asmiddle-expressed genes. For
Sfi19 and Sfi21, genes present in this genomic region were
considered as late expressed because transcripts were first
observed at 12 and 17min, respectively (Fig. 4). Based on the
microarray data, these genes were classified as middle as they
formed a different cluster, appearing before the late gene
cluster (Figs. 2 and 3). Slot blot hybridization (Fig. 5) showed
that the transcript of the middle gene orf6 of DT1 is first de-
tected at 7 min as compared to 12 min for the tail morpho-
Fig. 3. (A) Expression curves obtained during phage 2972 infection of S. thermophilus strain RD534. Each expression curve represents one probe used on the
microarray. The expression curves are colored depending on the final gene classification based on the two independent experiments for 2972. Curves are
divided in three groups named as early (in green)-, middle (in blue)- or late-expressed genes (in red or yellow). The yellow curves represent genes that are also
late expressed but have a unique expression profile. (B) List of phage 2972 genes within each of the temporal groups. The small graph represents an expression
curve for a representative gene within the temporal group which is colored in the list of genes.
M. Duplessis et al. / Virology 340 (2005) 192–208 201genesis gene orf18. The same observation was made with the
middle gene orf3 of phage 2972 that was detected at 7 min as
compared to 22 min for the late genes orf22 and orf23.Discussion
We report the first complete gene expression study of
phages infecting a Gram-positive bacterium study using the
DNA microarray technology. A custom microarray was
constructed to study the two groups of S. thermophilus
phages. In this study, each probe represented one or two orfs
and covered 93% of all phages DT1 and 2972 genes offering a
high coverage transcriptional analysis. An expression curve
specific to each probe was obtained and it corresponded to the
overall gene expression during the phage infection process.Phage genes were classified into three groups defined as
early-, middle- or late-expressed genes depending on time
they are expressed during infection. Defining such temporal
expression is one of the necessary steps to fully understand
the complex interactions that regulate the phage cycle. A
few different criteria may be applied to build a temporal
transcriptional map. Traditional expression analyses using
Northern blots are based on the time of transcript
appearance. Likewise, Luke et al. (2002) used the beginning
of the expression to classify the genes of coliphage T4
within the three groups. While studying the gene expression
of the human herpes virus 8 by microarray, Paulose-Murphy
et al. (2001) utilized the peak of gene expression to establish
gene classification. Here, we employed the period of time
during which the greatest change in transcript abundance
occurred for the basis of the classification of phage genes.
ig. 4. Transcriptional maps of phages 2972, DT1, Sfi19 and Sfi21. Results for the S. thermophilus phages Sfi19 and Sfi21 were obtained with Northern (Ventura and Bru¨ssow, 2004; Ventura et al., 2002b).
he classification of genes from phages 2972 and DT1 was based on the complete expression curves from all independent experiments. Gray shading rep ts regions where deduced proteins shared more than
0% amino acid identity with phage DT1 proteins. Black arrows represent the 5V end of transcript confirmed by primer extension experiments.
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Fig. 5. Phages 2972 and DT1 gene expression analyzed by slot blot hybridizations. (A) Slot blot results for representative early-, middle- and late-expressed genes of each phage. (B) Corresponding expression
curves obtained from microarray results.
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M. Duplessis et al. / Virology 340 (2005) 192–208204We feel that such burst of expression is a compelling in-
dicator of the necessity of a particular gene for a regulated
and an efficient lytic cycle.
Although phages DT1 (cos-type) and 2972 (pac-type)
belong to separate S. thermophilus phage groups, they
display a similar transcriptional map on their respective
hosts. It should be noted that the gene expression data of
2972 are the first for an S. thermophilus pac-type phage. The
global transcription profile of DT1 was slightly faster than
2972. This small disparity in pace suggests that it could be
due to inherent differences in the type of phages (cos vs.
pac). Perhaps phage DT1 replication is either more efficient
than 2972 or that host-dependant factors influence phage
replication. The microarray established in this study will now
make it more feasible to study the gene expression of these
phages in other S. thermophilus strains to evaluate the host
effects on phage gene expression.
In both DT1 and 2972, three genes were clustered into a
fourth group with unique expression patterns. Their expres-
sion curves exhibited a progressive accumulation of tran-
scripts with a surge late in the infection. Some of these genes
encode for the holin and the endolysin that are responsible for
cell lysis following the intracellular phage development
(Wang et al., 2000; Young et al., 2000). The three genes
appear to be transcribed independently from the other late
genes and thus from different promoters. These findings
differ from the reports for phages Sfi21 and Sfi19 where the
holin and endolysin genes were expressed on long transcripts,
which included tail proteins (Ventura and Bru¨ssow, 2004;
Ventura et al., 2002b). Holins usually accumulate in the
cytoplasmic membrane as oligomers during the phage
infection (Wang et al., 2000; Young et al., 2000). They are
responsible for the collapse of membrane potential and the
non-specific permeation of the membrane thereby allowing
the phage endolysin to degrade the host peptidoglycan
(Labrie et al., 2004). The coordinated activity of both holin
and endolysin leads to the release of phage progeny. The
expression profiles of these phage genes observed here likely
reflect the tight regulation necessary for optimal cell lysis.
Conversely, the holin (ORF87a) of Sfi21 possesses a putative
dual start motif, which is not present in DT1 and 2972, that
may regulate the lysis clock of this phage (Ventura et al.,
2002b). The unique expression patterns may also be required
for other putative roles of the endolysin such as in the
regulation and in the control of the RNA polymerase as
observed with coliphage T7 (Moffat and Studier, 1987;
Zhang and Studier, 2004).
Comparing the transcriptional map of DT1 with those of
the cos-type S. thermophilus phages Sfi19 and Sfi21 revealed
differences in the timing of the expression of genes coding for
putative proteins involved in DNA replication, transcrip-
tional regulation and morphogenesis. Phage-specific regu-
latory controls may explain why global transcription is
different from one phage to another. For example, it was
proposed that the transcription of the middle-expressed genes
of Sfi21 is under positive regulation because they could notbe expressed in the presence of chloramphenicol (Ventura et
al., 2002b). Conversely in phage Sfi19, three of the four
middle transcripts did not depend upon protein synthesis. In
presence of chloramphenicol, the transcripts accumulated
and appeared early during infection. It was proposed that the
expression of these genes was under the control of a negative
regulator (Ventura and Bru¨ssow, 2004). Another feature of S.
thermophilus phages is the high level of gene expression
throughout the infection. This could indicate ongoing tran-
scription or high stability of the mRNAs. This RNA
accumulation was previously observed in other transcrip-
tional studies of S. thermophilus phages (Ventura and
Bru¨ssow, 2004; Ventura et al., 2002b; Lamothe et al.,
2005). Coliphage T4 microarray expression results showed
mRNA decay in each temporal class of genes after reaching
its peak of expression (Luke et al., 2002). T4 possess a
riboendonuclease, RegB, that inactivates numerous early
mRNAs by cleaving them at the Shine–Dalgarno sequence.
RegB also decreases the half-life of early mRNAs; however,
middle and late mRNAs are neither cleaved nor destabilized
(Miller et al., 2003). Moreover, host encoded enzymes (such
as RNase E), comprising an RNA ‘‘degradosome’’, directly
participate in the decay of T4 mRNAs.
This study provides another example of the application of
the microarray technology to phage biology, even for small
genomes (30–40 kb). As with any new technology, the
microarray platform has strengths and weaknesses, in
particular when compared with the traditional Northern blot
analysis. Microarrays allow, for example, the study of the
expression levels of many genes (and genomes) simulta-
neously with a high coverage, speed, automation and high
precision. However, it does require time to design and make
the array while costly equipment are also needed to generate
and analyze the significant amount of data. On the other side,
Northern analyses are standard practices in most laboratories
and they required minimal investments. Analysis of Northern
blots provides the number, the length and to some extent the
levels of the transcripts. However, several probes are needed
to cover the entire genome, and thus it can also be time
consuming.
A significant advantage of the microarray is through its
additional applications. In addition to transcriptional stud-
ies, such a phage array can also be used in DNA–DNA
hybridization experiments for comparative genome analysis
to gain further insights into S. thermophilus phage
evolution. This is mostly valuable for dairy phages because
new virulent phages are been regularly isolated worldwide
(Moineau et al., 2002). Perhaps more significantly, with
the recent release of the complete genome sequence of
two S. thermophilus strains (Bolotin et al., 2004), it is
now possible to design a complete array containing host
and phage genes to study phage–host interactions on a
global scale during the infection process. In conclusion, we
believed that the development of a phage microarray is
particularly suitable for ongoing research programs in phage
biology.
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Bacteria, phages, culture conditions and growth curve
assays
The virulent phages DT1 (cos-type) and 2972 (pac-type)
were selected for this study because of the availability of
their complete genome sequences (Le´vesque et al., 2005;
Tremblay and Moineau, 1999). The bacterial strains used in
this study were S. thermophilus SMQ-301 (host of phage
DT1) and S. thermophilus RD534 (host for phage 2972). S.
thermophilus strains were grown at 42 -C in M17 (Difco
Laboratories) supplemented with 0.5% lactose (LM17). For
phage infection, 10 mM CaCl2 were added to sterile
medium prior to phage infection. Phages DT1 and 2972
were purified by ultracentrifugation using a discontinuous
CsCl gradient (Sambrook and Russell, 2001). Phage
adsorption tests were performed in triplicate as previously
described (Duplessis and Moineau, 2001). One-step growth
curves were done in triplicate with phage DT1 on SMQ-301
and 2972 on RD534 as reported elsewhere (Moineau et al.,
1993). The latent period was estimated at the midpoint of
the exponential phase of the growth curve (Fig. 1).
Time course experiment
Cells were grown at 42 -C in 1 l of LM17 until the
OD600nm reached 0.4. Then, the cells were centrifuged at
8000 RPM for 10 min. The pellets were resuspended in 100
ml of LM17 supplemented with 10 mM CaCl2. Thirty
milliliters was kept as the non-infected sample and 70ml used
for the phage infection assay at a multiplicity of infection of 1
for DT1. For 2972, a lower M.O.I. (0.1) was used due to
difficulties in obtaining the needed high titers of CsCl-
purified 2972 phages. After adding the phages, samples were
taken at 0, 2, 7, 12, 17, 22, 27, 32 and 37 min after infection.
For each time point, individual samples of 1.5 ml samples
were collected in separate microtubes. To each sample, 100 Al
of a solution of 2.25 mg/ml of rifampicin was added and cells
were immediately collected by centrifugation and frozen in
dry ice/ethanol 95%.
cDNA probe synthesis and labeling
The frozen cell pellets were resuspended in 1 ml of TRIzol
Reagent (Invitrogen) and transferred into a 2-ml tube
containing 0.7 g of glass beads (106 Am, Sigma). The
mixture was vortexed with a Mini-Beadbeater-8 cell (Bio-
Spec Products) three times for 1 min. Between treatments, the
cell suspensions were chilled on ice for 1 min (Walker et al.,
1999). Following centrifugation, the supernatants were
extracted twice with TRIzol-chloroform. Nucleic acids were
then precipitated with isopropanol and resuspended in diethyl
pyrocarbonate-treated water. The RNA samples were treated
with 10 U DNAse I for 30 min at 37 -C in presence of 80 U of
RNaseOUT recombinant ribonuclease inhibitor (Invitrogen).The RNA preparations were labeled using the TIGR
standard operating procedure of cDNA synthesis (http://
www.tigr.org/tdb/microarray/protocolsTIGR.shtml).
Twenty-five micrograms of purified RNA, 15 Ag of random
hexamer oligonucleotides (Invitrogen) and 1 Al of an
ArrayControl spikes RNA mix (Ambion) were heated at 70
-C for 10 min, then chilled on ice. The ArrayControl spikes
RNA mix was prepared as follows: 2 ng/Al of ArrayControls
RNA #1 and #2, 1.8 ng/Al of ArrayControls #3 and #4, 1.6 ng/
Al of ArrayControls #5 and #6 and 1.2 ng/Al of ArrayControls
#7 and #8. These ArrayControl RNAs were spiked into the
cDNA synthesis reactions of all samples, and information
collected from these mRNAs was later used for data
normalization (see below). RNA was reversed transcribed
using 1000 U of SuperScript II RNase H reverse transcriptase
(Invitrogen) in the presence of 1.875mMdATP, dCTP, dGTP,
1.125 mM dTTP and 0.75 mM 5-(3-aminoallyl)-dUTP
(Sigma) at 42 -C for 16 h. The reaction was terminated by
the addition of 10 Al of 0.5 M EDTA and the RNA was
hydrolyzed with 10 Al of 1 M NaOH at 65 -C for 15 min. The
solution was neutralized with 10 Al of 1 M HCl. Unincorpo-
rated nucleotides were removed using QIAquick PCR
purification columns (Qiagen) according to the manufactur-
er’s instructions except that the washing and elution buffers
provided with the kit were replaced by a phosphate washing
buffer (5 mM KPO4, pH 8.0, 80% EtOH) and a phosphate
elution buffer (4 mMKPO4, pH 8.5). The cDNAwas vacuum
dried for 30 min at 30 -C. For the Cy3 or Cy5 coupling,
cDNA samples were first resuspended for 15 min in 4.5 Al of
0.1 M Na2CO3, pH 9.0. The monofunctional Cy-dyes
(Amersham-Pharmacia) were resuspended in DMSO (73 Al
of DMSO for 1 tube of Dye) with 4.5 Al added to the cDNA
and incubated in the dark for 2 h at room temperature.
Unreacted dye was removed using QIAQuick PCR purifica-
tion columns. The cDNAs from infected and non-infected
cells were labeled with the dyes Cy5 and Cy3, respectively.
Microarray design
The microarray and the experimental designs were made
according to the MIAME recommendations (Brazma et al.,
2001). The DNA microarrays were generated by deposition
of PCR products that were specific to each open reading
frame (orfs) of phages DT1 and 2972. PCR primers were
designed using the GenBank annotated sequences of DT1
(AF085222) and 2972 (AY699705). The exact nucleotide
positions of the amplified PCR products and the primer
sequences are listed in Table 1. The PCR products targeting
each orf ranged between 102 bp and 708 bp to maximize
gene specificity. A total of 42 PCR products specific to
phage DT1 and 34 to phage 2972 (Table 1) were generated.
As previously indicated, phages DT1 and 2972 share DNA
sequence similarity; therefore, it was not always possible to
obtain gene-specific PCR amplicons. Seven PCR products
served to detect the expression of those similar genes,
namely, DT1 orfs 25, 33, 34, 35, 36, 38 and 40 and 2972
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of some DT1 and 2972 orfs, single probes were designed to
cover orfs 21–22 and orfs 42–43 in DT1. Similarly for
2972, single probes were generated to cover orfs 22–23 and
42–43. Conversely, due to their large size, two probes each
were used to cover orf15 and orf18 in DT1 as well as orf18
and orf20 in 2972. Finally, no probe was designed to cover
DT1 orfs 26 and 27 and 2972 orfs 27, 28 and 29 because
they either correspond to an orf within an intron or the
flanking regions of an intron (see Results section for
details). Negative and positive controls were also added to
the microarray and represented other phage as well as host
genes (see Table 1). These controls were only used to
confirm the presence of hybridization (positive) or the
absence of hybridization (negative) and they were not used
for normalization. All the primers were synthesized by
Integrated DNA Technologies Inc. (Coralville, IA).
Each PCR probe was amplified from 10 ng of phage
genomic DNA which was isolated from lysates using the
Lambda Maxi kit (Qiagen). The S. thermophilus controls
were amplified from S. thermophilus SMQ-301 chromoso-
mal DNA extracted according to Moineau et al. (1994). PCR
reactions were performed using the Eppendorf Master Mix
(Eppendorf) or Accuprime SuperMixII (Invitrogen) in a total
volume of 100 Al and an MJ Research DNAThermal Cycler.
The mixtures were heated at 94 -C for 4 min followed by 35
cycles of the following temperature–time profile: 94 -C for
30 s, 57 -C for 30 s and 72 -C for 1 min. After the final cycle,
the mixtures were held at 72 -C for an additional 10 min.
When using SuperMixII, an elongation temperature of 68 -C
was used. When necessary, annealing temperatures were
modified for a specific primer set. PCR products were
purified with QIAquick PCR purification columns (Qiagen).
The length and concentration of each PCR product were
verified by electrophoresis on 0.8% agarose with a low DNA
mass ladder as markers (Invitrogen). Each PCR product was
transferred into a 96-well plate, vacuum dried and resus-
pended in 3 SSC to a final concentration of 0.3 Ag/Al. PCR
products were spotted onto poly-l-lysine slides using a
GeneMachines OmniGrid arrayer with 2  2 SMP3 pins
(TeleChem International Inc.) at the Gene Expression Center,
University of Wisconsin (Madison, WI). Eight commercial
PCR products from the ArrayControl kit (Ambion) were also
spotted onto the slides. Each probe was spotted in triplicate
per slide. Each slide was then put on a heating block at 100 -C
for 3 s to fix and denature the probes. Finally, the slides were
post-processed by probe rehydration and succinic anhydride
blocking of the free amine groups.
Hybridization conditions
The hybridization protocol was also based on the TIGR
standard operating procedure (http://www.tigr.org/tdb/
microarray/protocolsTIGR.shtml). Slides were incubated in
a prehybridization solution (5 SSC, 0.1% SDS and 1%
BSA) for 45 min at 42 -C, rinsed with water, isopropanoland dried with compressed air. Labeled cDNA probes were
resuspended in 26 Al of hybridization solution (25%
formamide, 5 SSC and 0.1% SDS), loaded into hybrid-
ization chambers, then incubated at the temperature of 42 -C
for 16–20 h. Following incubation, the slides were removed
from the hybridization chambers and washed to remove
unhybridized probes. Sequential 5 min washes, initially in
1 SSC, 0.2% SDS at 42 -C, followed by 0.1 SSC, 0.1%
SDS, then in 0.1 SSC were performed at room temper-
ature. Slides were finally rinsed in deionized water and dried
with compressed air.
Microarray experiments and data analysis
One experiment was composed of nine slides corre-
sponding to each time point when samples were collected
during the phage infection. Three complete and independent
time course experiments with DT1 and two with 2972 were
performed (biological replicates). The five sets of micro-
array data were deposited in the NCBI Gene Expression
Omnibus (GEO) (accession numbers: GSE2476). Slides
were scanned at a 10-Am resolution using a ScanArray
Express microarray scanner (PerkinElmer). Microarray
images were processed with the ScanArray Express 3.0
software (PerkinElmer). Separate images were acquired for
Cy3 and Cy5 and imported into QuantArray 3.0 software
(PerkinElmer) for analysis. For every spot in each color
channel, the target intensity values were determined and
background signal was subtracted. Normalization was then
performed to compensate for differential efficiencies of
labeling and detection with Cy3 and Cy5. The normalization
process involves calculating the average intensity, in both
channels, for a set of internal controls (Khan et al., 1999;
Paulose-Murphy et al., 2001; Semenova et al., 2005) which
consisted here of 8 ArrayControl genes (24 spots total per
slide). A constant of normalization was derived and used to
calculate the final intensity for each spot thereby allowing
the calculation of the Cy5/Cy3 ratios. The same amount of
ArrayControl spikes RNA (Ambion) were also included in
each sample and allow not only the normalization of both
channels but also the comparison of the hybridization
signals between slides. A second normalization factor was
determined to readjust all values between slides. This factor
was obtained by adjusting the average ArrayControls Cy5/
Cy3 ratio of each slide in the same experiment to a ratio of
1. The log2-transformed (Cy5/Cy3) ratio of all spots was
calculated and the mean log2 (Cy5/Cy3) from the three data
points per gene in each slide was used in all subsequent data
analysis. They correspond to the log2 ratios presented in
Table 2. The mean log2 (Cy5/Cy3) values corresponding to
each gene in the time course experiment were converted into
percentages according to the maximum value reached
during this experiment (Paulose-Murphy et al., 2001).
In Table 2, TE represents the time when expression
started to increase by at least twofold (log2 ratio > 1) over
the non-infected control. To visualize the temporal trend of
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expression log ratio was transformed by its mean and
standard deviation, or Zij = (log TijMi) /Si, where Zij is
the normalized log ratio, Tij is the log expression ratio for
ith ORF at jth time point and Mi and Si are the mean and
standard deviation of the log ratio of ith ORF across all time
points, respectively (Paulose-Murphy et al., 2001).
Phage genes were classified as early, middle or late
expressed based on the results obtained with the expression
curves taking into account the increase of expression during
the infection. Each time course experiment was analyzed
independently from the other. For each of these experi-
ments, expression curves were determined and the genes
were classified. The results were consistent between each
independent experiment and the final gene classification
presented in Table 2 is based on the combined results of all
the experiments. However, the expression curves displayed
in Figs. 2 and 3 and the quantitative log2 ratio values
presented in Table 2 are representative of one complete
array experiment.
Slot blot analysis and RT-PCR
Slot blot analysis was performed on a positively charged
Nylon membrane (Roche Diagnostics) using a Bio-Dot SF
apparatus (Bio-Rad) as outlined elsewhere (Sambrook and
Russell, 2001). One microgram of total RNA from the
same RNA samples used in microarray experiments was
applied to the slot blot apparatus as reported elsewhere
(Sambrook and Russell, 2001). Following fixation by UV
exposure, detection was carried out using a DIG-labeled
PCR probe as suggested by the manufacturer (Roche
Diagnostics). The probes were generated using a PCR
DIG-labeling kit and corresponded to an early-, middle- or
late-expressed gene for each phage. A probe corresponding
to the h-galactosidase gene (AF389465) of S. thermophilus
SMQ-301 was also used as a sample loading control. The
hybridization signals with the h-gal probe were equivalent
in all samples (data not shown). The same primers used for
the amplification of microarray probes were also employed
here. Hybridization, wash and detection steps were
performed as suggested by the manufacturer. RT-PCR
was performed as described previously (Le´vesque et al.,
2005). Primers used for the PCR amplifications and the
sequencing of the PCR products were lysin-DT1-F 5V-
CTAATACTGCGGTAGTGCCA-3V (forward) and DT1-134
5V-TTCCAGCAAGAGAGC-3V (reverse).Acknowledgments
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